Enhanced reductive dehalogenation is an attractive treatment technology for in situ remediation of chlorinated solvent DNAPL source areas. Reductive dehalogenation is an acid-forming process with hydrochloric acid and also organic acids from fermentation of the electron donors typically building up in the source zone during remediation. This can lead to groundwater acidification thereby inhibiting the activity of dehalogenating microorganisms. Where the soils' natural buffering capacity is likely to be exceeded, the addition of an external source of alkalinity is needed to ensure sustained dehalogenation. To assist in the design of bioremediation systems, an abiotic geochemical model was developed to provide insight into the processes influencing the groundwater acidity as dehalogenation proceeds, and to predict the amount of bicarbonate required to maintain the pH at a suitable level for dehalogenating bacteria (i.e., N 6.5). The model accounts for the amount of chlorinated solvent degraded, site water chemistry, electron donor, alternative terminal electron-accepting processes, gas release and soil mineralogy. While calcite and iron oxides were shown to be the key minerals influencing the soil's buffering capacity, for the extensive dehalogenation likely to occur in a DNAPL source zone, significant bicarbonate addition may be necessary even in soils that are naturally well buffered. Results indicated that the bicarbonate requirement strongly depends on the electron donor used and availability of competing electron acceptors (e.g., sulfate, iron (III)). Based on understanding gained from this model, a simplified model was developed for calculating a preliminary design estimate of the bicarbonate addition required to control the pH for user-specified operating conditions.
Introduction
Chlorinated ethenes, such as tetrachloroethene (PCE) and trichloroethene (TCE), are among the most persistent and hazardous groundwater contaminants (National Research Council, 2004; Rivett et al., 2005) . Enhanced reductive dehalogenation is widely used for the in situ remediation of chlorinated ethene plumes and is now recognized as a promising technology for DNAPL source areas (McCarty, 1997; Ellis et al., 2000; Major et al., 2002; Yang and McCarty, 2002; AFCEE, 2004) . Here, biodegradation is achieved by stimulating the activity of dehalogenating bacteria -e.g., Dehalococcoides (Major et al., 2002; Loffler and Edwards, 2006) , Sulfurospirillum multivorans (Neumann et al., 1994; Amos et al., 2007 Amos et al., , 2008 , Dehalobacter restrictus (Schumacher and Holliger, 1996) -through the addition of an electron donor. Recent studies have indicated that remediation in the proximity of the source zone, rather than dilute plume dehalogenation, results in more efficient degradation due to enhanced rates of solvent dissolution and thus reduction in the longevity of the DNAPL plume (Yang and McCarty, 2000; Amos et al., 2008) .
Although increased understanding of dehalogenating bacteria and suitable electron donors has led to more rapid dehalogenation rates (Carr and Hughes, 1998; Aulenta et al., 2006) , complete dehalogenation to ethene is still often hindered at many sites due to, for example, inadequate electron donor supply (Yang and McCarty, 2002; Loffler and Edwards, 2006; Aulenta et al., 2006 Aulenta et al., , 2007 , high concentrations of alternative electron acceptors (e.g., sulfate) (Hoelen and Reinhard, 2004; Heimann et al., 2005; Aulenta et al., 2006) , insufficient contact time (Da Silva et al., 2006) , absence of suitable consortia of dehalogenating bacteria (Loffler and Edwards, 2006; Amos et al., 2007) and development of low groundwater pH (Cope and Hughes, 2001; Adamson et al., 2004; McCarty et al., 2007) . Reductive dehalogenation occurs in a step-wise manner converting PCE to TCE to dichloroethene (DCE) to vinyl chloride (VC), and finally to ethene. Each step involves the removal of one chlorine atom from the chlorinated ethene molecule, giving rise to hydrochloric acid (HCl) production. The combination of this strong acid and the build-up of organic acids formed during electron donor fermentation can result in groundwater acidification (Adamson et al., 2004; AFCEE, 2004; Chu et al., 2004; Amos et al., 2008) . The groundwater pH is typically strongly controlled by the dissolved carbonate equilibria,
The acid formed during dehalogenation reacts with bicarbonate (HCO 3 − ) to produce carbon dioxide (CO 2 ). In aquifers, CO 2 is not readily released to the atmosphere, and the increase in dissolved CO 2 coupled with the decrease in HCO 3 − depresses the pH further. This is evident from the HCO 3 − /CO 2 equilibrium expression:
where K is the equilibrium constant and the bracketed quantities denote molar aqueous concentrations. Laboratory studies have demonstrated that the optimal pH range for dehalogenating microorganisms is 6.8-7.8 (Middeldorp et al., 1999; Cope and Hughes, 2001; AFCEE, 2004) and, correspondingly, that low pH leads to reduced dehalogenation rates (Cirpka et al., 1999; Adamson et al., 2004) . Acidic conditions inhibit, in particular, the dehalogenation of the lesser chlorinated ethenes (Christ et al., 2005) . Where pH drops are expected or observed, an alkalinity source such as sodium or potassium bicarbonate can be added to raise and/or neutralize the pH (AFCEE, 2004; Payne et al., 2006) . Other buffers such as sodium carbonate or hydroxide tend to provide unstable pH control, while lime (CaO) addition is likely to lead to calcite (CaCO 3 ) precipitation and subsequent aquifer clogging . Bicarbonate addition offsets the impact of the higher dissolved CO 2 concentrations produced from dehalogenation. With recent developments (e.g., the availability of increasingly effective bacterial consortia, electron donors, injection strategies, etc.) allowing for more complete and rapid dehalogenation, more acidity is generated and thus there is an increasing need for pH control strategies. Furthermore, acidification is more likely during DNAPL source area bioremediation due to the higher mass of chlorinated ethenes dehalogenated compared with dilute plume bioremediation.
The two main issues associated with the design of pH control strategies are (1) the amount of bicarbonate addition needed as dehalogenation proceeds, and (2) how best to deliver this bicarbonate to the DNAPL source area. This study focuses on the first issue. McCarty et al. (2007) calculated the amount of reductive dehalogenation likely to occur prior to pH inhibition for a range of electron donors and initial bicarbonate alkalinities. While they demonstrated that bicarbonate addition is likely required for effective dehalogenation in source areas, the study raised a number of questions including the influence of mineralogy, competing terminal electron-accepting processes (TEAPs) and gas release on the acidity generated and the subsequent amount of bicarbonate required to maintain the pH at a suitable level for dehalogenating bacteria. Quantitative responses to these questions would clearly benefit detailed bioremediation system design.
This paper presents an abiotic geochemical model to address these issues. The model is implemented through the geochemical program PHREEQC version 2.15 (Parkhurst and Appelo, 1999) . The model is first described and simulation results for conditions pertinent to a typical remediation site are presented. The model accounts for the amount of dehalogenation, site water chemistry, electron donor, potential gas release, use of acetate as an electron donor, competing TEAPs and the precipitation and dissolution kinetics of common minerals. Following this, the paper explores the main factors influencing the bicarbonate requirements: (1) mineralogy, (2) electron donor, (3) minimum design pH, (4) acetate oxidization, and (5) competing TEAPs. Based on insight gained from these analyses, a simplified model is presented that may be used to Fig. 1 . Main factors influencing the solution acidity and alkalinity. To maintain a constant pH the acidity and alkalinity additions (including bicarbonate addition) must balance. A description of the processes is provided in Section 2.
calculate a preliminary estimate of the bicarbonate addition required once the minimum design pH is reached.
Process understanding and model development
Enhanced reductive dehalogenation is a complex, microbially mediated process. Rather than simulating the suite of biological reactions influencing dehalogenation, the objective here was to develop an abiotic geochemical model focused on predicting the acidity generated during dehalogenation and the bicarbonate required for pH control. The main processes influencing the groundwater pH as dehalogenation proceeds are presented in Fig. 1 . pH control is achieved by using bicarbonate amendment to balance the acidity and alkalinity perturbations. In this section, the various processes given in Fig. 1 are described.
Acidity is generated directly from dehalogenation (i.e., HCl) and from the by-products of electron donor fermentation. The model assumes that the remediation scheme will degrade a given amount of chlorinated ethenes according to:
By simulating the reduction of a generic chlorinated ethene compound (R-Cl), the results can be interpreted regardless of which chlorinated ethene is actually reduced. That is, Cl production is used to quantify the amount of dehalogenation. While the H 2 required for dehalogenation in Eq. (3) can be directly injected into the aquifer, more often an organic, fermentable electron donor is used. The acidity generated from fermentation depends on the specific electron donor used, with each producing different amounts of acetate and carbonate species . Fermentation reactions for common donors based on standard biochemical pathways are given in Table 1 . While acetate and carbonate species increase acidity, the presence of sodium associated with an electron donor (e.g., sodium lactate and formate) reduces this acidity because HCO 3 -is formed upon fermentation rather than CO 2 (Fig. 1) .
Acetate generated from electron donor fermentation can also serve as an electron donor for conversion of PCE and TCE to DCE, but not directly, if at all, in the conversion of DCE and VC (Dolfing and Tiedje, 1991; Krumholz et al., 1996; Sharma and McCarty, 1996; Loffler et al., 2000; Sung et al., 2003; Lee et al., 2007) . With R-Cl representing PCE or TCE, the dehalogenation reaction with acetate as the electron donor is:
This process not only reduces the overall electron donor requirements and concentration of acetic acid, but also leads to the production of CO 2 , thus shifting the carbonate equilibrium in Eq. (2). There is also some evidence that acetate might be fermented to H 2 and CO 2 , and the H 2 produced might then be used for dehalogenation of DCE and VC (He et al., 2002) . A parameter, p, is used in the model to specify the fraction of acetate produced from donor fermentation that is subsequently used as an electron donor.
Not all the H 2 and acetate produced from fermentation are used for dehalogenation as dehalogenating bacteria must compete for these electron donors with other microbial populations such as denitrifiers, iron and sulfate reducers and methanogens (Table 2 ). In addition to these TEAPs increasing the amount of electron donor fermented, and thus the acidity generated for a given level of dehalogenation, each TEAP adds a different amount of alkalinity per mol of H 2 consumed (Table 2 ). In the presence of multiple electron acceptors, species are generally reduced in order of thermodynamic preference: oxygen reductionN nitrate reduction N iron (III) reduction N dehalogenation N sulfate reduction N methanogenesis (Loffler et al., 1999; Curtis, 2003) . While this sequence, and thus the fraction of H 2 directed to dehalogenation, may be predicted based on thermodynamic considerations (Gibbs free energy of reaction, ΔG r°) , competition also depends on microbial populations and specific field conditions (Dolfing and Janssen, 1994; Jakobsen and Postma, 1999; Loffler et al., 1999; Curtis, 2003) . Methanogenesis is not included in the model as this TEAP is assumed to be inhibited by the low H 2 concentrations and high chlorinated solvent concentrations in the source zone (Yang and McCarty, 2000) . Furthermore, oxygen and nitrate reduction are not considered as these electron acceptors must be reduced before dehalogenating conditions can be induced (AFCEE, 2004) . Sulfate and iron (III) reduction however often occur concomitantly with dehalogenation and thus these electron acceptors compete for H 2 (AFCEE, 2004; Heimann et al., 2005; Aulenta et al., 2007) . As the proportion of H 2 used for dehalogenation is not known a priori due to the complexity of the microbial processes, the model assumes that at least a fraction (f min ) of the H 2 generated by electron donor fermentation is used for dehalogenation with the remainder (1−f min ) used for iron (III) and sulfate reduction (Fig. 1) . For arbitrary f, the dehalogenation reaction (3) and fermentation reaction for each electron donor can be combined giving an overall stoichiometry for dehalogenation (Table 1) . Our modeling approach is to follow this overall dehalogenation reaction as it progresses in reaction steps. The sequence of calculations performed at each step is outlined in Fig. 2 . In the simulations presented, 40 mM of chlorinated ethene compound (R-Cl) are assumed to degrade over 100 d (the residence time for water to flow through a hypothesized DNAPL source zone). This residence time is divided equally into 500 reaction steps. Although complete dehalogenation of TCE at its solubility limit (7.6 mM) to ethene corresponds to only 22.8 mM of chlorinated ethene compound degraded, it is envisaged that with effective remediation scheme design (i.e., design that leads to favorable dehalogenating conditions in the source zone including the presence of a suitable electron donor and consortia of dehalogenating bacteria, and neutral pH conditions), the amount of dehalogenation occurring may extend beyond this with more PCE and TCE dissolving into solution as transformation to lesser chlorinated compounds proceeds.
For each reaction step, f is first calculated based on the availability of iron (III) and sulfate. f is set to an assumed minimum value (f min ) when these electron acceptors are in excess (i.e., 0.2 (AFCEE, 2004)). As iron (III) and sulfate become limited, f is calculated such that only the H 2 required to reduce the iron (III) and sulfate available will be produced in the overall dehalogenation reaction. It follows that when sulfate and iron oxides are depleted, f is set to unity and all H 2 generated from fermentation goes to dehalogenation. With f calculated, 40/500 mM of R-Cl (total mM of R-Cl to degrade/number of time steps) then reacts according to the overall dehalogenation and fermentation reaction for the selected electron donor (Table 1) . Following this, PHREEQC equilibrates the solution and, in doing so, the nonchlorinated electron acceptors consume the surplus H 2 produced in the reaction. The sequence by which iron (III) and sulfate are consumed when the solution is equilibrated is based on thermodynamics and therefore at each step the available iron (III) is reduced in preference to sulfate.
As the solution is speciated, minerals are allowed to dissolve and/ or precipitate. Carbonate minerals, in particular calcite, are typically the main source of natural alkalinity. Other minerals such as silicates may provide important buffering capacity (Appelo and Postma, 2005) ; however, unlike carbonate minerals that dissolve rapidly, these minerals are typically slow to equilibrate and thus their buffering capacity is strongly kinetically-controlled. The dissolution and subsequent reduction of iron oxides (e.g., goethite [FeOOH] , ferrihydrite [Fe(OH) 3 ]) adds alkalinity whilst consuming H 2 ( Table 2 , Fig. 1 ). Although the dissolution and reduction of iron oxides is also kinetically controlled, the process is often enhanced by iron-reducing bacteria (Maurer and Rittmann, 2004) . Finally, iron sulfides, in particular acid volatile sulfide (FeS), may precipitate rapidly following sulfate and iron (III) reduction (Rickard, 1995) . The direct precipitation of iron sulfide adds acidity according to:
However, when the overall reaction for iron sulfide precipitation, including sulfate and iron (III) reduction is considered:
it is evident that the overall reduction and precipitation process adds alkalinity to the solution. Although cation exchange can also influence sediment's natural buffering capacity, simulations indicate that these effects are only likely to be significant when the pH drops below approximately 4.5. Thus this process is not included in the model. As the solution is speciated, a gas phase is also allowed to form and gas is released if the sum of the partial pressures of all the gases present (CO 2 , CH 4 , N 2 , H 2 O, H 2 , H 2 S, O 2 ) exceeds a given total pressure. This total pressure corresponds to a given depth below the water table, assuming that the water flow is predominantly horizontal. The release of CO 2 (g) influences the groundwater acidity as indicated in Eq. (2).
Finally, upon speciation of the solution, the pH is calculated (Fig. 2) . Once the pH decreases to the microbial inhibition level (pH = 6.5 for base conditions), iterations are performed such that sufficient bicarbonate is added to maintain this pH (i.e., in Fig. 1 the acidity and alkalinity added must be equal). This procedure (Fig. 2) is repeated until the total number of steps is reached and thus the required amount of R-Cl is degraded. In the simulations presented in this paper, sodium bicarbonate (NaHCO 3 ) is used as the bicarbonate source; however the results are insensitive to whether NaHCO 3 or another bicarbonate salt such as potassium bicarbonate (KHCO 3 ) is added. Addition of calcium bicarbonate however is not recommended as it will likely lead to calcite precipitation and aquifer clogging in the remediation zone.
Model setup for base conditions
The model was first setup to simulate conditions pertinent to a typical remediation site. Sensitivity analyses were then performed on this base case. The operating and design parameters used are as follows:
• Initial solution composition is specified using typical values of the major constituents at contaminated chlorinated solvent sites (Table 3 ) (AFCEE, 2004). • 40 mM of chlorinated ethene compound (R-Cl) degrades over 100 d.
• The inhibition level for bacteria and therefore minimum design pH = 6.5.
• Linoleic acid is used as the electron donor. This is a typical major component of water insoluble electron donors such as emulsified vegetable oil which are increasingly being used due to their slow controlled release rate (AFCEE, 2004; Long and Borden, 2006 ).
• Acetate is not used as an electron donor (p = 0).
• f min = 0.2. Design factors for f commonly used to calculate the quantity of electron donor required for bioremediation are of the order of 0.2 to 0.5 (AFCEE, 2004) .
• An excess of calcite (CaCO 3 ) is present and in equilibrium with the solution, i.e., saturation index (SI) = 0.
• Mass fraction of iron oxides in the soil is 7.5 wt.% (3.4 mol kg of water − 1 ). This mass fraction is based on the mineralogy at a contaminated chlorinated solvent site currently undergoing enhanced bioremediation. The dissolution of iron oxides is controlled by the rate (R, mol m − 3 s − 1 ): . Flow chart of model algorithm for each reaction step. For the simulations presented, the dehalogenation of 40 mM of chlorinated ethene equivalents occurs over 500 reaction steps and therefore at each step 40/500 mM of R-Cl reacts according to the overall dehalogenation and fermentation reaction (Table 1) . A description of the algorithm is provided in Section 2.
oxides (Appelo and Postma, 2005) . The specific mineral surface area = 55 m 2 g − 1 (Roden, 2006) and k is 10
. The latter value assumes that 10% of the iron oxides are ferrihydrite (freshly precipitated) with the remainder being stable, wellcrystallized goethite (Appelo and Postma, 2005) .
• Iron sulfide is initially absent but it is allowed to precipitate if the solution becomes oversaturated (SI N 0). • A gas phase is allowed to form once the sum of the partial pressure of all gases present exceeds 1.5 atm. This total pressure is equivalent to a location approximately 5 m below the watertable. The initial partial pressure for all the gases is negligible except N 2 for which the partial pressure is set at 0.79 atm (Amos and Mayer, 2006) , and CO 2 for which the partial pressure is fixed by specification of the initial solution alkalinity and pH (Table 3) .
Results

Base conditions
For the base conditions it is predicted that pH control is necessary when more than ∼4.5 mM of chlorinated ethene equivalents (Cl − ) are produced from dehalogenation (Fig. 3a) . Although there is an excess of calcite present, the results indicate that its buffering capacity is not sufficient to maintain the pH above 6.5. The dissolution of calcite is limited by its solubility rather than kinetic constraints, and only 0.037 mol of calcite are predicted to dissolve for 40 mM of dehalogenation (in Fig. 3e ). Although calcite is not able to supply sufficient pH control for sustained dehalogenation, its buffering capacity is still important as simulations indicate that if calcite is initially absent, the pH reaches 6.5 after only 0.8 mM of dehalogenation compared to after 3.6 mM of dehalogenation if calcite is present (Fig. 3a) . It should be noted that for the simulation without bicarbonate addition, once the pH drops below 6.5 the results are theoretical because as the acidity increases the bacteria would become inhibited and thus, in reality, dehalogenation would stall.
For the conditions simulated, the total bicarbonate required to maintain the pH at 6.5 along with dehalogenation of 40 mM of chlorinated ethene equivalents is ∼197 mM (Fig. 3b) . This total requirement is the sum of the initial solution alkalinity plus the bicarbonate that needs to be added. The initial alkalinity affects the extent of dehalogenation likely to occur prior to microbial inhibition, however, once the design pH is reached, the total bicarbonate required to maintain that pH as dehalogenation proceeds is the same. With f min = 0.2, sulfate is depleted after 10.9 mM of dehalogenation (Fig. 3c) . In contrast, iron (III) reduction (rate controlled) and iron sulfide precipitation continue as dehalogenation proceeds (Fig. 3e) . Once sulfate is depleted, f is automatically adjusted to~0.88 such that the H 2 directed away from dehalogenation matches that required for iron (III) reduction, the sole remaining nonchlorinated TEAP when methanogenesis is inhibited by high PCE or TCE concentrations. The availability of iron (III) and therefore the adjusted f, depends on the iron oxide dissolution rate (6). When sulfate is present, the bicarbonate addition required to match the acidity generated is ∼7.5 mM per mM of dehalogenation. This requirement reduces tõ 4.9 mM per mM of dehalogenation after sulfate has been depleted (Fig. 3b) . The decrease in the bicarbonate requirement is primarily due to less acetic acid produced per mM of dehalogenation as f increases (Fig. 3d) . The effects however are complicated because sulfate and iron (III) reduction and iron sulfide precipitation also influence the alkalinity (Table 2) and Eq. (5a), (b). These effects are discussed further in Section 4.6.
Due to the common ion effect, when bicarbonate is added the build-up of carbonate species leads to a net precipitation of calcite rather than dissolution (Fig. 3e) . The calcite that dissolves as the pH decreases from 7 to 6.5 rapidly re-precipitates upon bicarbonate addition. However, calcite precipitation is not significant as dehalogenation and bicarbonate addition continue. This result reveals that the amount of bicarbonate required does not depend on the amount of calcite present.
The model predicts that, for the conditions simulated, the build-up of dissolved CO 2 accompanying dehalogenation and bicarbonate addition leads to gas bubble formation after 9.9 mM of dehalogenation (Fig. 3f) . This is when the partial pressure of all the gases sums to 1.5 atm. Whilst N 2 is the dominant species when the gas phase forms (initial partial pressure = 0.79), the gas composition changes as dehalogenation proceeds with CO 2 (g) becoming the major component. Due to the shift in the carbonate equilibria (2) as CO 2 (g) is released, the bicarbonate requirement is reduced from~4.9 mM when the gas phase initially forms to~2.6 mM per mM of dehalogenation as dehalogenation and CO 2 (g) release continues (in Fig. 3b ). If a gas phase is not permitted to form, the amount of bicarbonate required per additional mol of dehalogenation is constant (in Fig. 3b ).
Influence of mineralogy
Dissolution, reduction and precipitation kinetics for common crystalline minerals (calcite, iron oxides, gypsum, anorthite, Kfeldspar, albite, chlorite and illite) were included in the model to identify minerals likely to influence the sediment buffering capacity over the timescale for groundwater to flow through the treatment zone (i.e., 100 d). For all minerals except gypsum, the rate expressions implemented and rate constants adopted were based on Appelo and Postma (2005) . For gypsum, the rate expression of Singh and Bajwa (1990) was employed. The simulation revealed that calcite and gypsum dissolution, and iron oxide reduction are the main crystalline mineral processes likely to significantly influence the soil's natural buffering capacity over this timescale. The amounts of each mineral that dissolved for 40 mM of dehalogenation with no bicarbonate added are provided in Table 4 . The initial amounts present are based on the mineralogy at a contaminated chlorinated solvent site currently undergoing enhanced bioremediation. Gypsum was absent in the contaminated layer at this particular site, but included here to examine its potential for dissolution. Simulations demonstrated that iron oxide reduction and dissolution is strongly rate controlled, while calcite and gypsum dissolution is of the order of hours and therefore these minerals can be considered to be in equilibrium (SI = 0). Sulfate containing minerals such as gypsum can influence the bicarbonate requirement due to the buffering effects of sulfate reduction. The influence of the sulfate availability is examined in Section 4.6.1 and the influence of the iron oxide reduction rate is discussed in Section 4.6.2. While silicate minerals are common and can provide important natural buffering, the simulation indicated that, unless the residence time of water traveling through the treatment zone is greater than approximately one year, the dissolution kinetics for these minerals are too slow to influence the acidity response. Of the silicate minerals considered, anorthite dissolution was the fastest, however for 40 mM of dehalogenation occurring over 100 d, the quantity of anorthite predicted to dissolve was two orders of magnitude lower than for calcite (Table 4) . Partial pressure = 0.79
Influence of electron donor selection
The acidity response and bicarbonate requirements for different electron donors are presented in Fig. 4 . The operating conditions for these simulations, with the exception of the electron donor used, are identical to the base case (Section 3). As discussed by McCarty et al. (2007) , the net acidity generated is directly related to the relative amounts of acetate, carbonate species, and in some cases sodium associated with the fermentation process ( Table 1 ). The extent of dehalogenation predicted to occur prior to pH inhibition and the amount of bicarbonate required per mM of dehalogenation for each electron donor with f = 0.2 (sulfate and iron (III) available) and f = 0.88 (sulfate exhausted and f adjusted based on iron oxide dissolution rate) are shown in Table 5 . Note that lactic acid and glucose generate the same by-products per mol of H 2 (Table 1) and therefore have the same acidity response and bicarbonate requirements. Although the pH drop in the absence of bicarbonate addition is greatest for these donors (Fig. 4a) , the bicarbonate requirement is largest for butyric acid (Fig. 4b) . This is because lactic acid and glucose fermentation adds 0.5 mol of acetate species and 0.5 mol of carbonate species per mol of H 2 , compared with butyric acid fermentation that adds 1 mol of acetate species and no carbonate species. The effects of sodium in reducing the acidity generated are evident in comparing the results for lactic acid to those for sodium lactate. As expected, for all Fig. 3 . Effect of the extent of dehalogenation for the base conditions with linoleic acid used as the electron donor on (a) pH with and without bicarbonate addition, (b) bicarbonate required to maintain pH at or above 6.5, (c) concentrations of sulfate, sulfide and iron (II) with bicarbonate addition, (d) concentration of acetate species with bicarbonate addition, (e) change in calcite without bicarbonate addition and change in calcite, iron oxides and iron sulfides with bicarbonate addition, and (f) partial pressures of N 2 and CO 2 and concentrations of N 2 (g) and CO 2 (g) with bicarbonate addition. The ratios listed below the curve in (b) give the amount of bicarbonate (mM) required per mM of dehalogenation. Note that in (e) negative precipitation implies dissolution. Vertical dashes in each plot indicate the point at which pH control is necessary.
electron donors the release of CO 2 significantly reduces the bicarbonate requirements as evident in comparing Fig. 4b and c. For all donors, with f min = 0.2, sulfate is depleted after 10.9 mM of dehalogenation and as f switches to 0.88 the additional bicarbonate needed per mM of dehalogenation decreases (Table 5 , Fig. 4b,c) .
Of all the electron donors considered, only formate does not require pH buffering, confirming the observation of McCarty et al. (2007) that it is an excellent choice in terms of pH control. This is because acetic acid is not produced and the sodium released is able to neutralize the HCl produced from dehalogenation. For the conditions simulated, the use of formate causes the pH to only decrease to 6.6 for 40 mM of dehalogenation and therefore no bicarbonate addition is required (Fig. 4) . When sulfate is present during formate fermentation, the pH increases indicating that the alkalinity added to the solution from sulfate and iron (III) reduction is greater than the acidity generated from the overall dehalogenation and fermentation reaction. Note that the results show an initial pH drop (Fig. 4a, dehalogenation b2.5 mM) . This is associated with the rapid precipitation of calcite. However the calcium concentration rapidly decreases, as does the rate of calcite precipitation, and this is accompanied by an increase in pH. Once sulfate is depleted and f switches to 0.88, the acidity generated from the overall dehalogenation reaction exceeds the alkalinity added from iron (III) reduction and the pH gradually decreases (Fig. 4a) .
This comparison of electron donors assumes that dehalogenation rates and competition for H 2 are independent of the specific electron donor used. In a detailed field design, it may be necessary to account for the characteristics of the electron donor used. While we have adopted f min = 0.2 for all electron donors, donors such as glucose, ethanol, methanol, lactic acid and lactate ferment very rapidly and therefore may have lower H 2 efficiencies of consumption (Fennell et al., 1997; Yang and McCarty, 2002; AFCEE, 2004) . Furthermore, some donors can also ferment via alternative pathways that result, for example, in the production of propionate (Aulenta et al., 2007) . Both of these effects would likely increase the acidity generated and thus bicarbonate requirements. A benefit of linoleic acid (vegetable oil emulsions), the donor used for the base case, is that it only oxidizes under a low H 2 partial pressure and therefore has a high efficiency of consumption by dehalogenating microorganisms (AFCEE, 2004; Aulenta et al., 2005; Long and Borden, 2006) .
Minimum design pH
While the initial solution pH affects the extent of dehalogenation that will occur prior to reaching the inhibitory pH level, the minimum design pH controls the amount of bicarbonate amendment needed once this level is reached. As shown in Fig. 5 , the bicarbonate requirement decreases significantly if microorganisms are able to tolerate more acidic conditions and the design pH can be lowered. With sulfate exhausted and assuming no gas release, the bicarbonate required to maintain pH = 6.2 is 3.1 mM per mM of dehalogenation compared with 7.2 mM per mM of dehalogenation for pH = 6.7. At low pH, the weak acids added from fermentation and the reduction of nonchlorinated electron acceptors (e.g., H 2 S) dissociate less and therefore less acidity (H + ) is directly added to the solution per mM of dehalogenation. Furthermore, at lower pH each mole of bicarbonate added to the system has a greater neutralizing capacity (Eq. (2)). These points are further discussed in Section 5. The results also indicate that, due to the elevated concentrations of carbonate species associated with greater bicarbonate amendment, gas formation is more likely when more neutral conditions need to be maintained.
Use of acetate as electron donor (p)
Simulations were performed to determine the bicarbonate requirements when acetate is used as a direct electron donor for dehalogenation. The parameter p is used to specify the fraction of acetate produced from fermentation of the primary electron donor that is used according to (4). The oxidation of acetate is beneficial because it not only reduces the total primary electron donor requirement, but as shown in Fig. 6 it also lowers the overall acidity generated and therefore bicarbonate requirement. In the absence of Fig. 4 . Effect of different electron donors on the (a) pH without bicarbonate addition, (b) bicarbonate required to maintain pH at or above 6.5 with gas release, and (c) bicarbonate required to maintain pH at or above 6.5 without gas release. Note that the amount of bicarbonate required when formate is used is zero and therefore formate is not plotted in (b) and (c). The initial moles of mineral present per kg of water are typical and are based on the mineralogy at a contaminated chlorinated solvent site currently undergoing enhanced bioremediation as part of the SABRE project.
gas release, the total bicarbonate required if all of the acetate is used as an electron donor (p = 1) is 3.6 mM per mM of dehalogenation compared with 4.9 mM per mM of dehalogenation if acetate oxidization is inhibited (p = 0). Although 2 mol of CO 2 are produced per mol of acetate oxidized, the production of this weak acid is offset by the consumption of 1 mol of acetate. With linoelic acid used as the primary electron donor, each mole of acetate oxidized leads to a total reduction of acetate species of 3.57 mol per mol of dehalogenation. Although the carbonate produced directly from fermentation and dehalogenation is greater when acetate is oxidized, the simulations indicate that a gas phase forms more rapidly when acetate is not used. This is because the bicarbonate addition, and therefore the total carbonate species added to the system, is much greater for this case. These simulations suggest that if a conservative estimate is sought with regards to both the primary electron donor and bicarbonate requirements, it is better to assume that acetate is not used as a direct electron donor.
Influence of nonchlorinated TEAPs
Simulations were performed to investigate the influence of sulfate and iron (III) reduction on the acidity generated and bicarbonate requirements. Iron(III) and sulfate reducers are typically the dominant competitors for H 2 with dehalogenating microorganisms in DNAPL treatment zones. The individual influences of these TEAPs on the bicarbonate requirements are first examined and then their combined effects are discussed.
Sulfate reduction
The total bicarbonate requirement as the initial sulfate concentration varies is shown in Fig. 7a . To directly examine the effects of sulfate reduction on the acidity, no gas phase is allowed and there are no iron oxides present. For the same f min (=0.2), as the initial sulfate concentration reduces, sulfate is removed from the solution more rapidly. Once sulfate is removed, as there are no other nonchlorinated electron acceptors available, f switches from 0.2 to 1 and this is accompanied by a decrease in the bicarbonate required per mM of dehalogenation. This decrease in the bicarbonate required to maintain a constant pH indicates, perhaps surprisingly, that sulfate reduction may lead to a net addition of acidity. The reduction of 1 mol of sulfate generates 2 mol of alkalinity, however it also consumes 4 mol of H 2 (Table 2) . With linoleic acid used as the electron donor, to supply 4 mol of H 2 , 2.57 mol of acetic acid are produced. The generation of this acetic acid, if not oxidized, offsets the alkalinity benefits of sulfate reduction. The net effect of sulfate reduction, however, will vary significantly according to the specific electron donor used as each produces different by-products from fermentation.
In these simulations, the initial sulfate availability only influences the extent of dehalogenation before f switches to 1. With f min = 0.2, for initial sulfate concentrations greater than 40 mM, sulfate is in excess and thus the model predicts the same total bicarbonate requirement for 40 mM of dehalogenation. Sulfate is likely to be in excess when sulfate-containing minerals such as gypsum or anhydrite are present, as these minerals are highly soluble and have rapid dissolution kinetics. This sensitivity analysis assumes that f min is independent of sulfate concentration. In reality, the H 2 directed to sulfate reduction may increase as the sulfate concentration increases, and thus f min will decrease. As f min decreases the bicarbonate required per mM of dehalogenation increases due to the net acidity generated from sulfate reduction (Fig. 7b) . However, the amount of H 2 diverted to sulfate reduction and thus the net acidity generated from this process is constrained by the initial amount of sulfate present. Therefore, for the same starting sulfate concentration, if all the sulfate is reduced the total bicarbonate requirement for 40 mM of dehalogenation is identical regardless of f min (Fig. 7b, c. f. f min = 0.2 and 0.5). As expected, with f min = 1 the bicarbonate requirement is identical to the case when there is negligible sulfate present.
Iron(III) reduction
The influence of iron (III) reduction on the bicarbonate requirements is illustrated in Fig. 8 . In these simulations there is negligible sulfate present and gas formation is not permitted. Although f min is set at 0.2, f is adjusted based on the iron oxide dissolution and thus reduction rate. The results indicate that as the iron oxide reduction rate increases, the bicarbonate requirement decreases. Each mole of iron oxide reduced produces 2 mol of alkalinity, but only 0.5 mol of H 2 are consumed. For linoleic acid this H 2 demand equates to the production of 0.32 mol of acetic acid. Thus, in contrast with sulfate reduction, the reduction of iron oxide leads to a net addition of alkalinity, thus reducing the bicarbonate requirements. For the conditions simulated, the adjusted f ranges from 1 to 0.78 as k varies from 10 − 11 to 10 − 9.75 mol m − 2 s − 1 . The pH is For each minimum pH the bicarbonate required when no gas is allowed to form are also shown (dashed lines). The amounts of bicarbonate required per mM of dehalogenation when there is no gas release and f = 0.88 are listed above the curves. Table 5 Predicted extent of dehalogenation prior to pH reaching design value of 6.5, and bicarbonate required per mM of dehalogenation to maintain pH = 6.5 as calculated using the PHREEQC model, and the simplified model (Section 5).
PHREEQC model Simplified model (Section 5)
Dehalogenation before pH b 6.5 (mM) predicted to remain above 6.5 for 40 mM of dehalogenation when k is greater than 10 − 9.5 mol m − 2 s − 1 . The iron oxide reduction rate will likely increase as the mass fraction of iron oxides increases, in particular the fraction of freshly precipitated iron oxides such as ferrihydrite. Microbial catalysis however also plays an important role in the reduction of iron oxides with the process significantly enhanced when microbes are in direct contact with the iron oxide surface (Appelo and Postma, 2005) . Although accurately predicting iron oxide reduction rates is difficult, our results show a consistent trend: increasing amounts of iron oxide reduction attenuate the amount of bicarbonate needed for pH control.
Sulfate and iron (III) reduction
Simulations were conducted to examine the influence of the H 2 efficiency with both sulfate and iron (III) available. The bicarbonate requirements for the base conditions with different f min values adopted are shown in Fig. 9 . The combined effects of sulfate and iron oxide reduction are complex because while sulfate reduction leads to a net addition of acidity, iron oxide reduction adds alkalinity. Furthermore when both sulfide and iron (II) are produced, iron sulfides precipitate leading to the addition of 2 mol of acidity Eq. (5a), (b) . Based on the model setup, at each reaction step all of the iron (III) released into the solution (rate controlled, Eq. (6)) is reduced in preference to sulfate and therefore only the H 2 remaining after all the dissolved iron (III) is reduced is used for sulfate reduction.
The alkalinity generated directly from sulfate reduction is consumed if iron sulfides precipitate. Therefore, the net acidity added from sulfate reduction followed by iron sulfide precipitation is the 2.57 mol of acetic acid produced in the fermentation reaction to meet H 2 demand associated with sulfate reduction. As a result, the bicarbonate requirement is greatest when all the sulfate initially present is reduced and all of the sulfide produced precipitates (Fig. 9 , f min = 0.2). As f min increases, only a fraction of the sulfate initially present is reduced and subsequently less iron sulfide precipitates (Fig. 9b,c) . This is accompanied by a decrease in the total bicarbonate required. The bicarbonate requirements are lowest when the surplus H 2 produced from fermentation directly matches that required to reduce the iron (III) released into the solution at each reaction step and thus there is no H 2 left over for sulfate reduction (Fig. 9 , f min = 0.75). However as f min approaches unity iron (III) reduction also decreases and as this process adds alkalinity, the bicarbonate requirement increases accordingly.
Simplified model
Based on understanding gained from the PHREEQC model a simplified set of equations have been developed that may be used for preliminary estimates of the amount of bicarbonate required once the minimum design pH is reached. At a given pH, the actual acidity added to the solution per mM of dehalogenation, and thus bicarbonate required to match this acidity, depends on the dissociation of the acids added from fermentation, dehalogenation and the nonchlorinated TEAPs. This Fig. 8 . Influence of iron oxide dissolution and reduction rate constant (k) on bicarbonate required to maintain the pH at or above 6.5 with iron (III) reduction the sole nonchlorinated TEAP. Other than the variation of k and absence of sulfate and gas formation, the results are for the base conditions in which linoleic acid is the electron donor. Fig. 7 . Influence of (a) initial sulfate concentration and (b) minimum H 2 efficiency (f min ) on the bicarbonate required to maintain the pH at or above 6.5 with sulfate reduction the sole nonchlorinated TEAP. Other than the variation of these parameters and absence of iron oxides and gas formation, the results are for the base conditions in which linoleic acid is the electron donor and the initial sulfate concentration is 10.4 mM. The open circles (○) show the points where sulfate is exhausted and f switches to 1. Fig. 6 . Bicarbonate required to maintain the pH at or above 6.5 with p = 0 (no acetate oxidation), p = 0.5 and p = 1 (complete oxidation of acetate) as dehalogenation proceeds. Results are for the base conditions in which linoleic acid is the electron donor. For each value of p, the amount of bicarbonate required when no gas is allowed to form is also shown (dashed lines). The amounts of bicarbonate required per mM of dehalogenation when there is no gas release and f = 0.88 are listed above the curves. dissociation varies according to pH. The initial solution alkalinity and pH influence the amount of dehalogenation that will occur prior to the minimum design pH being reached. Afterwards, however, these parameters do not influence the bicarbonate requirements and so they are not considered in the simplified model. The simulations also revealed that once bicarbonate addition commences, calcite's influence is not significant. Therefore, in developing a simplified model for the bicarbonate requirement, it is valid to neglect the potential dissolution and/or precipitation of calcite.
With linoleic acid used, each mole of dehalogenation adds 0.643 mol of acetic acid and 1 mol of HCl (Table 1) . For the pH range 6-7 it can be assumed that these acids are completely dissociated and therefore 1.643 mol of H + are added per mol of dehalogenation. To neutralize this acidity it is necessary to add sufficient bicarbonate such that 1.643 mol of CO 2 will form, thus consuming the H + added to the solution (Eq. 1). Based on the equilibrium expression describing the dissociation of CO 2 to HCO 3 − (Eq. 2), the total bicarbonate needed to neutralize 1 mol of acidity is 1+ 10 pH-6.3
. Therefore with linoleic acid used as the electron donor, the bicarbonate required to maintain a constant pH for 1 mol of dehalogenation (R dehalogenation ) is:
R dehalogenation = 1:643 1 + 10 pH−6:3 :
The net acidity added to the solution and thus bicarbonate requirement associated with sulfate reduction can also be calculated. The dissociation constant for H 2 S is 10 − 7.02 and so the reduction of 1 mol 
In a similar manner it can be determined that with linoleic acid, the bicarbonate required per mol of iron oxide reduced (R iron ) is: 
For a given amount of sulfate and iron (III) reduction, and iron sulfide precipitation per mol of dehalogenation, Eqs. (7)-(10) can be used to estimate the overall bicarbonate requirement ( = R dehalogenation + R sulfate + R iron + R FeS ). As Eqs. (7)-(10) are based on the dissociation of acids at a constant pH, they are only applicable once the minimum design pH is reached. They do not allow prediction of the extent of dehalogenation likely to occur prior to this pH being reached. Potential gas bubble formation and use of acetate as an electron donor (p = 0) are neglected also, the implications of which are discussed below.
We now use this simplified model to estimate the bicarbonate requirements for the base conditions and compare the results to the PHREEQC geochemical model predictions (Section 4.1). The amount of iron (III) and sulfate reduction, and iron sulfide precipitating per mol of dehalogenation must first be estimated. Assuming the surface area of iron oxide is constant, from Eq. (6) the rate of iron oxide reduction at a pH = 6.5 with k = 10 − 10.2 can be approximated as 0.106 mM d (40 mM of dehalogenation occurs over 100 d). By comparing these time scales it can be determined that 0.265 mM of iron (III) will be reduced per mM of dehalogenation. With the same f min (=0.2), 4 mM H 2 per mM of dehalogenation are available for the reduction of nonchlorinated electron acceptors. With 0.265 mM of iron (III) reduced, 3.87 mM of H 2 are available for sulfate reduction and this equates to the reduction of 0.976 mM of sulfate per mM of dehalogenation. The precipitation of iron sulfides is limited by the iron (II) availability and therefore 0.265 mM of iron sulfide will form per mM of dehalogenation. Thus, for the base conditions with sulfate available, using Eqs. (7)- (10) and with a pH = 6.5, the bicarbonate required per mM of dehalogenation is estimated at 6.3 mM. When the sulfate is removed the amount of iron (III) reduced per mM of dehalogenation will remain at 0.265 mM. For 40 mM of dehalogenation and this rate of iron (III) reduction, there will be sufficient sulfide available in solution, even once sulfate is exhausted, for iron sulfide to continue to precipitate as iron (II) is produced (i.e., 0.265 mM of iron sulfide precipitate per mM of dehalogenation). In applying Eqs. (7), (9) and (10) the bicarbonate required is estimated at 4.3 mM per mM of dehalogenation. In comparing these estimates with the PHREEQC model predictions (Table 5) , it can be seen that the simplified model under predicts the bicarbonate requirements. As potential gas release and acetate oxidization are also neglected in the PHREEQC simulations used for this comparison, the underestimation is primarily due to the extensive speciation processes included in the PHREEQC model (e.g., formation of aqueous species such as NaHCO 3 and KHCO 3 ).
Eqs. (7)-(10) assume that linoleic acid is used as the electron donor, however similar equations have been developed (Table 6 ) for all common electron donors listed in Table 1 . For lactic acid, glucose and methanol the CO 2 produced from fermentation is included in the simplified model as this increases the bicarbonate requirement. In a similar manner, the HCO 3 − produced upon fermentation of sodium lactate is also considered. A comparison of the bicarbonate requirements predicted using the geochemical model and using these equations for each electron donor is shown in Table 5 for the two different f values. For all donors considered, the comparison is reasonable with the simplified approach generally under predicting the bicarbonate requirement relative to the PHREEQC model, typically by between 15 and 20%. The difference in the estimates increases as the bicarbonate requirement decreases (i.e., methanol for f min = 0.2). This is because the aqueous speciation processes included in PHREEQC have a greater relative impact as the bicarbonate requirement decreases. The simplified model does not include the use of acetate as an electron donor or the release of CO 2 . As these processes both reduce the bicarbonate requirements (e.g., see
Figs. 3b and 6, respectively) and will likely occur, the lower simplified model estimates may actually be more in line with field conditions. Therefore, for a preliminary design estimate, the expressions in Table 6 provide a simple means to estimate the field bicarbonate requirements. The simplified model also provides important quantitative understanding of the processes influencing the amount of acidity generated (e.g., electron donor selection). For more detailed design however, the more detailed modeling approach might be considered. Table 6 Simplified model to calculate the net acidity added per mol of dehalogenation, sulfate reduction, iron oxide reduction and iron sulfide precipitation for common electron donors at the minimum design pH. The acidity generated is multiplied by 1 + 10 pH-6.3 to calculate the total bicarbonate required per mol of dehalogenation. These equations neglect potential gas release and acetate oxidization.
Dehalogenation
Conclusions
This study provides insight into the acidity generated and the bicarbonate addition required to maintain the pH in the DNAPL source zone within the optimal range for dehalogenating bacteria. The major findings are outlined below.
• Where extensive dehalogenation is likely to occur in the DNAPL source zone, significant bicarbonate addition may be necessary even in soils that are naturally well-buffered. While calcite provides some pH control, its buffering capacity is limited by solubility constraints and may not be sufficient to prevent acidic conditions developing.
• The choice of electron donor strongly influences the bicarbonate requirements due to the relative amounts of acetate, carbonate species and sodium associated with the fermentation process (Table 1 ).
• The bicarbonate required per mM of dehalogenation depends not only on the electron donor fermentation and dehalogenation processes but also on the competing nonchlorinated TEAPs. Although sulfate and iron oxide reduction both add alkalinity to the solution (Table 2) , these alkalinity benefits can be counterbalanced by the acidity (e.g., acetic acid) added in producing the H 2 consumed by these TEAPs. Whether sulfate and iron (III) reduction lead to a net generation of alkalinity depends on the specific electron donor used (Table 6 ). If both iron (III) and sulfate reduction occur, iron sulfides are likely to precipitate and this adds acidity to the solution, thus increasing the bicarbonate requirement.
• The formation of a gas phase and thus the release of CO 2 lowers the bicarbonate required per mM of dehalogenation due to the shift in the dissolved carbonate equilibria (2).
• The bicarbonate requirement depends strongly on the minimum design pH with the requirement increasing significantly with increase in design pH towards a more neutral value more favored by dehalogenating bacteria.
